At Class I CAP-dependent promoters, interaction between the activating region and ␣CTD (and concomitant St. Louis, Missouri 63104 recruitment of RNAP to promoter DNA) appears to be the entire basis of transcription activation. Thus, at Class Summary I CAP-dependent promoters, removal of ␣CTD eliminates transcription activation (Igarashi and Ishihama, At Class II catabolite activator protein (CAP)-depen-1991). dent promoters, CAP activates transcription from a At Class II CAP-dependent promoters, the mechanism DNA site overlapping the DNA site for RNA polymerof transcription activation is more complex. At Class ase. We show that transcription activation at Class II II CAP-dependent promoters, interaction between the CAP-dependent promoters requires not only the preactivating region and ␣CTD overcomes an inhibitory efviously characterized interaction between an activatfect of ␣CTD, facilitating the positioning of ␣CTD at a ing region of CAP and the RNA polymerase ␣ subunit neutral noninhibitory location on DNA (positions Ϫ74 to C-terminal domain, but also an interaction between a Ϫ58, immediately upstream of the DNA site for CAP) second, promoter-class-specific activating region of (Zhou et al., 1994b; Attey et al., 1994; Belyaeva et al., CAP and the RNA polymerase ␣ subunit N-terminal 1996). Whereas this "anti-inhibition" effect is essential domain. We further show that the two interactions for transcription activation at Class II CAP-dependent affect different steps in transcription initiation. Tranpromoters, it is not the entire basis of transcription actiscription activation at Class II CAP-dependent provation at Class II CAP-dependent promoters. Thus, remoters provides a paradigm for understanding how moval of ␣CTD eliminates the requirement for anti-inhian activator can make multiple interactions with the bition but does not eliminate transcription activation at transcription machinery, each interaction being reClass II CAP-dependent promoters (Igarashi et al.,
a Activation and repression were measured in vivo and are expressed as percentages of activation and repression by wild-type CAP. b One isolate contained a second substitution: Lys-101→Glu (AAA→GAA). c The isolate contained a second substitution: Gly-132→Asp (GGC→GAC). Data for activation and repression are for a single-substitution mutant constructed by site-directed mutagenesis.
transcription activation at Class I CAP-dependent promutants, was defective solely in Class II CAP-dependent transcription. moters, and not defective in DNA binding. We designate such mutants "crp pc,CAP,II ," where "crp" denotes the gene Table 1 summarizes the sequences and phenotypes of the first group of mutants, i.e., those defective in encoding CAP, "pc" denotes positive-control-defective, and "CAP, II" denotes Class II CAP-dependent proboth Class II and Class I CAP-dependent transcription (crp pc,CAP,I
). These mutants map to the previously defined moters.
For our screen, we used strain XE82/CC(Ϫ41.5). This activating region (Zhou et al., 1993a (Zhou et al., , 1994a Niu et al., 1994) . Thus, substitutions were obtained at amino acids strain contained a deletion of crp and contained two reporter constructs. The first reporter construct had 158, 159, 160, 162, and 164 . Each of these mutants is defective in Class II CAP-dependent transcription, lacZ fused to the Class II CAP-dependent promoter CC(Ϫ41.5) and served as an indicator of Class II CAPdefective in Class I CAP-dependent transcription, but not defective in DNA binding. dependent transcription; the second reporter fusion had lacZ fused to the artificial CAP-repressed promoter lac- Table 2 summarizes the sequences and phenotypes of the second, new group of mutants, i.e., those defec-
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CAP (Irwin and Ptashne, 1987; Zhou et al., 1993a ) and served as an indicator of repression, and thus of tive solely in Class II CAP-dependent transcription (crp pc,CAP,II
). These mutants map to the N-terminal cAMP DNA binding.
We performed random mutagenesis of the crp gene binding domain of CAP, far from the previously defined activating region. Thus, substitutions were obtained at of plasmid pYZCRP using error-prone PCR, introduced the mutagenized plasmid DNA into strain XE82/pRW amino acids 19, 21, and 101. Each of these mutants is defective in Class II CAP-dependent transcription, but 2CC(Ϫ41.5), and identified transformants defective in Class II CAP-dependent transcription but not defective not defective in Class I CAP-dependent transcription and DNA binding. Each of these mutants is defective in DNA binding as red colonies on lactose/tetrazolium agar.
in Class II CAP-dependent transcription at all Class II promoters tested (CC[Ϫ41.5], melR, and galP1 [ Table 2 We performed 60 independent mutagenesis reactions, screened 15,000 transformants, and isolated 21 and data not shown; V. Rhodius and S. Busby, personal communication] ). independent mutants defective in Class II CAP-dependent transcription but not defective in DNA binding. For
To confirm the results of the in vivo assays, we purified three of the mutant CAP derivatives and assessed Class each mutant, we prepared plasmid DNA, introduced the plasmid DNA into strains XE65.2/pRWCC(Ϫ41.5), II CAP-dependent transcription, Class I CAP-dependent transcription, DNA binding, and DNA bending in vitro. XE65.2/pRWCC(Ϫ61.5), and XE82, and performed in vivo assays of Class II CAP-dependent transcription, To assess Class II and Class I CAP-dependent transcription, we performed abortive initiation in vitro tranClass I CAP-dependent transcription, and DNA binding. Based on the results, the mutants could be divided into scription experiments with the CC(Ϫ41.5) promoter and the CC(Ϫ61.5) promoter, respectively. The results in Figtwo groups. The first group, consisting of eight mutants, was defective in both Class II and Class I CAP-depenures 1A and 1B show that the mutant CAP derivatives are defective in Class II CAP-dependent transcription, dent transcription. The second group, consisting of 11 (E) Structure of the CAP-DNA complex showing activating regions. The figure illustrates the crystallographic structure of the CAP-DNA complex at 2.5 Å resolution (Schultz et al., 1991; Parkinson et al., 1996) . CAP is in light blue. DNA and cAMP are in red. AR1 is in blue (amino acids 156-164). AR2 is in green (amino acids 19, 21, and 101 in dark green; amino acid 96 in light green). Amino acid 52, a site at which substitutions result in improved transcription activation at Class II CAPdependent promoters , is in yellow.
E
with defects from 2-to 7-fold, but are not defective in Class I CAP-dependent transcription.
To assess DNA binding, we performed equilibrium DNA binding experiments with a DNA fragment containing the consensus DNA site for CAP. The results in Figure 1C show that wild-type CAP and the mutant CAP derivatives exhibit indistinguishable DNA binding affinities.
To assess DNA bending, we performed electrophoretic mobility shift experiments with four circularly permuted DNA fragments containing the consensus DNA site for CAP. The results in Figure 1D show that wildtype CAP and the mutant CAP derivatives result in indistinguishable DNA bend angles.
Taken together, our results establish that amino acids 19, 21, and 101 of CAP are critical for Class II CAPdependent transcription, but are not critical for Class I CAP-dependent transcription, DNA binding, and DNA bending. The simplest interpretation of the results is that Class II CAP-dependent transcription requires a second interaction between CAP and RNAP, in addition to the interaction by the previously defined activating region, and that amino acids 19, 21, and 101 constitute the determinant of CAP for this second interaction.
In the primary structure of CAP, amino acids 19 and 21 are distant from amino acid 101. However, in the three-dimensional structure of CAP, amino acids 19, 21, and 101 are adjacent to each other ( Figure 1E ). Amino acids 19, 21, and 101 are distant from the amino acids of CAP involved in DNA binding and DNA bending and are located in a prominently accessible and protruding portion of CAP ( Figure 1E) . West et al. (1993) have shown that substitution of amino acid 96 of CAP improves transcription activation at Class II CAP-dependent promoters. Amino acids 19, 21, and 101 are adjacent to amino 96, and with this amino acid, form a surface with dimensions of 20 ϫ 8 Å ( Figure 1E ). We designate these four amino acids 1989). We substituted each surface amino acid from 16-23 and 96-108 of CAP, one-by-one, by alanine. We then assessed Class II CAP-dependent transcription, side-chain atoms beyond C ␤ make unfavorable interacClass I CAP-dependent transcription, and DNA binding tions in Class II CAP-dependent transcription. Alanine in vivo.
substitution of no other amino acid in the region tested The results for Class II CAP-dependent transcription had a significant, reproducible effect. We conclude that are presented in Figure 2A . Alanine substitution of amino for no amino acid other than 19, 21, 101, and 96 do sideacids 19, 21, and 101 resulted in Ն5-fold defects in Class chain atoms beyond C ␤ make significant interactions in II CAP-dependent transcription. We conclude that, for Class II CAP-dependent transcription. each of these amino acids, side-chain atoms beyond C Alanine substitution of no amino acid in the region tested amino acid at which non-alanine substitutions improve had a significant, reproducible effect on Class I CAPClass II CAP-dependent transcription (West et al., 1993) , dependent transcription or DNA binding, confirming that resulted in a 2-to 3-fold increase in Class II CAP-dependent transcription. We conclude that, for this amino acid, this region is not involved in these processes. Zhou et al., 1993b Zhou et al., , 1994b Zhou et al., 1994b) .
It is striking that all three amino acids that make favorcontrast, in the orientation in which the nonfunctional AR2 was in the downstream subunit, the heterodimer able interactions are positively charged , and that the amino acid that makes an was nonfunctional in transcription activation (XC in Figure 3) . We conclude that Class II CAP-dependent tranunfavorable interaction is negatively charged (Glu-96). Based on the correlation of positive charge with funcscription requires a functional AR2 in only one subunit, i.e., the downstream subunit. Consistent with this contion, we suggest that the most important structural feature of AR2 is positive charge and that AR2 is likely to clusion, the super-activating effect of substitution of amino acid 96 occurs when the substitution is present interact with a target having a complementary charge, i.e., a negative charge. in only one subunit, i.e., the downstream subunit .
AR2 Functions in the Downstream Subunit of CAP
To determine which subunit of the CAP dimer function-AR2 Functions through Protein-Protein Interaction with RNAP ally presents AR2, we performed "oriented-heterodimer" analysis ( Figure 3A ; Zhou et al., 1993b Zhou et al., , 1994b .
To test directly the hypothesis that AR2 interacts with RNAP, we measured CAP-RNAP interaction in solution. We constructed CAP heterodimers having one subunit with a functional AR2 and one subunit with a nonfuncIn published work, we have shown using fluorescence-anisotropy measurements that a binary complex tional AR2, we oriented the heterodimers on Class II promoter DNA using appropriate DNA-binding specificof CAP and a fluorochrome-labeled short DNA fragment containing the DNA site for CAP and containing no speity mutants in protein and DNA, and we assessed the abilities of the oriented heterodimers to activate trancific determinants for binding of RNAP is able to interact with RNAP to form a ternary complex (Heyduk et al., scription.
We performed oriented-heterodimer analysis for each 1993 (Figure 3) . In each case, the result was al., 1993; Figure 4) . In subsequent work, we have shown that the interaction is strengthened 6-fold upon substituthe same. In the orientation in which the functional AR2 was in the downstream subunit, the heterodimer was tion of Lys-52 by asparagine (a substitution that results in improved transcription activation at Class II, but not functional in transcription activation (CX in Figure 3) ; in ; open squares). Data are expressed as (A Ϫ A 0)/A0, where A denotes fluorescence anisotropy in the presence of RNAP and CAP, and A 0 denotes fluorescence anisotropy in the absence of RNAP and CAP.
Class I, CAP-dependent promoters see Discussion] ), indicating that with RNAP. We conclude that AR2 makes direct, favorable protein-protein interaction with RNAP and that The results are presented in Figure 5A . CAP→RNAP amino acids 19 and 101 contribute ≈1-2 kcal/mol each cross-linking occurred primarily in the RNAP ␣ subunit toward CAP-RNAP interaction.
( Control experiments established that CAP→RNAP crosswe performed site-specific protein-protein photocrosslinking required UV-irradiation, promoter DNA, RNAP, linking . We constructed a CAP derivaand cAMP (the allosteric effector required for specific tive having a photoactivatible cross-linking agent site-DNA binding by CAP) ( Figure 5A and data not shown). specifically incorporated at a single, defined amino acid
To define the site in ␣ at which cross-linking occurs, adjacent to AR2, i.e., amino acid 17. We then formed we performed proteolytic mapping with hydroxylamine, the ternary complex of CAP derivative, RNAP, and Class which cleaves ␣ into fragments consisting of amino II CAP-dependent promoter CC(Ϫ41.5), UV-irradiated acids 1-208 and 209-329 ( Figure 5B ). The results estabthe ternary complex to initiate cross-linking, and deterlish that cross-linking occurs within amino acids 1-208. mined the site at which cross-linking occurred. To faciliThis region of ␣ corresponds to the ␣ N-terminal domain tate identification of the site at which cross-linking oc-(␣NTD; amino acids 8-235; Blatter et al., 1994; Busby curred, we used a photoactivatible cross-linking agent and Ebright, 1994) . that contained a radiolabel and that was attached to
We conclude that, in the ternary complex of CAP, CAP through a disulfide linkage. This permitted, after RNAP, and Class II CAP-dependent promoter, AR2 of UV-irradiation, cleavage of the cross-link and transfer CAP is in direct physical proximity to ␣NTD, and we propose that AR2 interacts with ␣NTD. of radiolabel to the site at which cross-linking occurred.
AR2 Interacts with Amino Acids 162-165 within
acids, we constructed a single alanine substitution and the RNAP ␣ Subunit N-Terminal Domain analyzed the effect on Class II CAP-dependent tranTo define further the target of AR2, we performed ranscription at CC(Ϫ41.5) (Figure 6 ). In each case, alanine dom mutagenesis of the gene encoding ␣ and screened substitution resulted in a small, but reproducible, defect for mutants specifically defective in Class II CAP-depenin Class II CAP-dependent transcription. Simultaneous dent transcription, i.e., defective in Class II CAPalanine substitution of all four amino acids resulted in dependent transcription but not defective in Class I a large defect in Class II CAP-dependent transcription, CAP-dependent transcription and CAP-independent a defect comparable with that upon charge reversal at transcription. We designate such mutants "rpoA pct,CAP,II ," amino acid 165. We conclude that, for each of these where "rpoA" denotes the gene encoding ␣, "pct" defour consecutive negatively charged amino acids, sidenotes positive-control-target-defective, and "CAP,II" chain atoms beyond C ␤ are important for Class II CAPdenotes Class II CAP-dependent transcription.
dependent transcription, and we propose that it is the Our screen tested two phenotypes: first, defect in negative charge of the side-chain atoms beyond C ␤ that Class II CAP-dependent transcription, and second, abis the critical functional determinant. sence of a defect in CAP-independent transcription. To Based on the correspondence between the photest the first phenotype, the screen scored lacZ exprestocross-linking results demonstrating that AR2 of CAP sion from a P CC(Ϫ41.5) -lacZ fusion. To test the second is in direct physical proximity to ␣NTD in the ternary phenotype, the screen scored viability. We reasoned complex of CAP, RNAP, and Class II CAP-dependent that mutants of ␣ specifically defective in Class II CAPpromoter ( Figure 5 ), the genetic results demonstrating dependent transcription, like mutants lacking CAP that amino acids 162-165 within ␣NTD are important for (Sabourin and Beckwith, 1975) , would be viable on rich Class II CAP-dependent transcription (Figure 6 ), and the media, but that mutants of ␣ defective in both Class charge complementarity between AR2 and amino acids II CAP-dependent and CAP-independent transcription 162-165 within ␣NTD, we conclude that transcription would be inviable (cf. .
activation at Class II CAP-dependent promoters inWe performed random mutagenesis of the entire rpoA volves interaction between AR2 and amino acids 162-gene of plasmid pREII␣ using error-prone polymerase 165 within ␣NTD. chain reaction (PCR), introduced the mutagenized plasmid DNA into strain XE3000, and identified trans-
AR1 and AR2 Affect Different Steps formants defective in Class II CAP-dependent transcripin Transcription Initiation tion but not defective in CAP-independent transcription
We have analyzed the effects of substitution of AR1 and as red colonies on lactose/tetrazolium agar. We per-AR2 on the kinetics of Class II CAP-dependent transcripformed 60 independent mutagenesis reactions, screened tion (methods as in McClure, 1980; Figure 7 ). Substitu-100,000 transformants, and isolated three independent mutants. tion of AR1 resulted in an 8-fold decrease in the binding All three mutants mapped to a single amino acid within constant, K B , for interaction of RNAP with promoter DNA ␣NTD and resulted in the same substitution: Gluto form the closed complex. Substitution of AR2 resulted 165→Lys ( Figure 6A ). Based on in vivo assays, the muin a 10-fold decrease in the rate constant, k f , for isomertants were defective in Class II CAP-dependent tran- Previous results establish that transcription activation at ␣NTD is essential for Class II CAP-dependent transcripClass II CAP-dependent promoters involves interaction tion, but not for Class I CAP-dependent transcription between amino acids 156-164 (activating region 1, AR1) and CAP-independent transcription. of the upstream subunit of CAP and a target within RNAP Glu-165 is a negatively charged amino acid, and the ␣CTD Zhou et al., Glu-165→Lys substitution results in charge reversal, re1994a , 1994b Attey et al., 1994; Belyaeva et al., 1996) . placing this negatively charged amino acid by a posi-
The present results establish that transcription activatively charged amino acid. The negative charge of Glution at Class II CAP-dependent promoters also involves 165 is consistent with the hypothesis that this amino interaction between amino acids 19, 21, 96, and 101 acid interacts with AR2, which carries, and requires, (activating region 2, AR2) of the downstream subunit of positive charge.
CAP and amino acids 162-165 within RNAP ␣NTD. Glu-165 is located in a string of four consecutive negaIn the structure of the CAP-DNA complex, AR1 of one tively charged amino acids, i.e., Glu-162, Glu-163, Asp-164, and Glu-165 ( Figure 6A ). For each of these amino subunit and AR2 of the other subunit are located on a (A) Substitutions within RNAP ␣ subunit that result in specific defects in Class II CAP-dependent transcription (Glu-165→Lys, Glu-162→Ala, Glu-163→Ala, Asp-164→Ala, Glu-165→Ala; Ϫ, large defect in vivo; Ϯ, small, but reproducible, defect in vivo). ␣NTD, ␣CTD, and linker denote the ␣ N-terminal domain, the ␣ C-terminal domain, and the interdomain linker, respectively (Blatter et al., 1994; Busby and Ebright, 1994) . single face of the CAP dimer, but are separated by nearly of wild-type CAP, the region containing Lys-52 plays little or no role in transcription activation. Thus, random the full length of this face (50 Å ; Figure 1E ). We infer that, in the ternary complex of CAP, RNAP, and a Class II mutagenesis and screening for mutants defective in transcription activation yields no mutants affecting this CAP-dependent promoter, RNAP interacts with a single face of the CAP dimer and extends across the full length region (Tables 1 and 2) , and targeted mutagenesis yields no strong mutants ; X. Zhang and of this face, with ␣CTD contacting AR1 of the upstream subunit and ␣NTD contacting AR2 of the downstream R. H. E., unpublished data). It appears likely that substitution of Lys-52 improves transcription activation prosubunit (Figure 8) .
Substitution of Lys-52 of the downstream subunit of moters by creating a new, non-native favorable interaction with residues of RNAP close to Lys-52 in the ternary CAP results in improved transcription activation at Class II CAP-dependent promoters ; Williams complex of CAP, RNAP, and Class II CAP-dependent promoter. Several lines of evidence suggest that the et al., 1991, 1996) . Lys-52 of the downstream subunit of CAP is located on the same face of the CAP-DNA residues of RNAP close to Lys-52 in the ternary complex are residues of 70 (Jin et al., 1995 ; M. Lonetto, V. Rhodcomplex as AR1 of the upstream subunit and AR2 of the downstream subunit ( Figure 1E ), but is distant from ius, S. Busby, and C. Gross, personal communication; Figures 1E and 8 ). AR1 and AR2 (30 Å from each; Figure 1E ). In the context an allosteric change between inactive and active RNAP conformations; or second, the AR2-␣NTD interaction may stabilize the transition state between closed and open complex. We favor the second mechanism, since it requires only that the AR2-␣NTD interaction become stronger in the transition state between closed and open complex (something easily envisioned given the large changes in RNAP and promoter conformation in the transition state [see Schickor et al., 1990] ). We note that the AR2-␣NTD interaction appears to be an electrostatic interaction, i.e., an interaction that increases linearly in strength with decreasing distance and, thus, an interaction that could become stronger with decreased AR2-␣NTD distance in the transition state.
General Implications
Our results have three general implications.
First, our identification of a promoter-class-specific activating region and activation target establishes that mechanisms of transcription activation depend on promoter architecture.
Second, our results establish that ␣NTD can serve as an activation target. This brings to three the number of identified activation targets within the prokaryotic transcription machinery:
70 region 4 (Busby and Ebright, 1994) , ␣CTD (Busby and Ebright, 1994) , and ␣NTD. We speculate that the requirements for function as an activation target are not stringent. We speculate that nearly any exposed surface of the transcription machinery can serve as the target for an activator that increases K B (see also Busby and Ebright, 1994; Barberis et al., 1995) , Zhou et al., 1994b) and manifests itself as an activator can make multiple interactions with the tranincrease in the binding constant, KB, for interaction of scription machinery, with each interaction being respon-RNAP with promoter DNA to form closed complex (Fig- sible for a specific mechanistic consequence. ure 7). The AR2-␣NTD interaction increases the rate constant, k f , for isomerization of closed complex to open Table 3 . Strains XE3000 and XE3020 were condependent transcription. DNA complex and the position of the DNA site for CAP to prepare reporter-fusion-bearing ori Ϫ att Km r minicircles, and second, introduction of the minicircles into strain X7029/pINT-ts, at a Class II CAP-dependent promoter, the AR2-␣NTD selecting Km r at 37ЊC, and screening Ap s at 37ЊC (see Atlung et al., interaction occurs 30 Å from promoter DNA and >70 Å 1991; Hasan et al., 1994) .
from the RNAP active site ( Figures 1C and 8) . Therefore, the effect of the AR2-␣NTD interaction on kf must be Plasmids a long-range effect. In principle, two mechanisms are Plasmids are listed in Table 4 . pREII-NH␣, which encodes N-terminally hexahistidine-tagged ␣ under control of tandem lpp and possible: first, the AR2-␣NTD interaction may trigger 'lacUV5 promoters, was constructed by replacing the XbaIJendrisak (1975) . The sample was suspended in 30 ml buffer A (20 mM Tris-HCl [pH 7.9], 500 mM NaCl, and 5% glycerol), adsorbed BamHI rpoA segment of pREII␣ by the equivalent segment of pHTT7f1-NH␣. onto 4 ml Ni ϩϩ -NTA agarose (Qiagen) in buffer A, washed with 40 ml buffer A, and eluted with 3 ϫ 4 ml each of buffer A containing 2.5 mM, 5 mM, 10 mM, 20 mM, and 40 mM imidazole. Fractions CAP CAP was purified as in Zhou et al. (1993a) .
containing RNAP were pooled, dialyzed against 10 mM Tris-HCl (pH 7.9), 250 mM NaCl, 0.1 mM EDTA, 0.1 mM dithiothreitol, and 5% glycerol, further purified by Mono-Q chromatography (Borukhov RNAP For experiments with mutants of CAP, RNAP was purified as in and Goldfarb, 1993), dialyzed against 25 mM Tris-HCl (pH 7.9), 100 mM NaCl, 0.1 mM EDTA, 0.1 mM dithiothreitol, and 50% glycerol, Heyduk et al. (1993) . For experiments with mutants of ␣, RNAP was reconstituted from C-terminally hexahistidine-tagged ␣, ␤, ␤', and and stored at Ϫ20ЊC. 70 as in Tang et al. (1995 Tang et al. ( , 1996 . For photocross-linking experiments, RNAP was purified as follows: strain XE54/pREII-NH␣ in 6 L 4ϫLB containing 170 mM NaCl, 5 mM IPTG, and 200 g/ml ampicillin was Mutagenesis Random mutagenesis was performed by error-prone PCR amplificashaken at 37ЊC until OD 600 ϭ 1.5, and harvested by centrifugation (5,000 ϫ g; 15 min at 4ЊC). Cell lysis, polymin P precipitation, and tion of the 2 kb HindIII-BamHI crp segment of pYZCRP or the 1 kb XbaI-BamHI rpoA segment of pREII␣ (procedures of Zhou et al., ammonium sulfate precipitation were performed as in Burgess and pRW2CC(Ϫ41.5), pRW2CC(Ϫ61.5), pAA121CC(Ϫ41.5), and pAA121CC(Ϫ61.5) originally were designated as pRW2CC, pRW2CCϩ20, pAA121CC, and pAA121CCϩ20 (Gaston et al., 1990; Bell et al., 1990; Williams et al., , 1993a . Site-directed mutagenesis was percontaining 85 g streptavidin-coated magnetic beads (Dynal) was added, and, after a further 10 min at 37ЊC, beads were magnetically formed as in Kunkel et al. (1991) . pelleted (≈30 s at 37ЊC). Beads were resuspended in 10 l assay buffer and UV-irradiated 20 s at 37ЊC (350 nm; 900 ergs mm Ϫ2 s
Ϫ1
) Transcription: In Vivo Effects of mutants of CAP were measured using derivatives of in a Rayonet RPR100 photochemical reactor (Southern New England Ultraviolet). Following UV-irradiation, 0.5 l 800 mM iodoacetamide pYZCRP and strains XE65.2/CC(Ϫ41.5), XE65.2/CC(Ϫ61.5), and XE82 (procedures of Zhou et al., 1994a) . Effects of mutants of ␣ was added, samples were incubated 15 min at 22ЊC, 10 l 80 mM iodoacetamide, 15 M urea was added, and samples were further were measured using derivatives of pREII␣ and strains XE3000, XE3020, and XE56 (procedures of , except that incubated for 15 min at 22ЊC. Samples were mixed with 5 l 0.5 M Tris-HCl (pH 6.8), 50% glycerol, 10% SDS, 10% ␤-mercaptoethanol, cultures were grown in LB containing 0 or 5 g/ml kanamycin, 200 g/ml ampicillin, and 1 mM IPTG). and 0.1 mg/ml bromophenol blue, and were analyzed by SDS-PAGE followed by phosphorimaging. Proteolytic mapping was performed as in . Transcription: In Vitro Reaction mixtures contained the following: 0.5 nM DNA fragment corresponding to positions Ϫ82 to ϩ118 of CC(Ϫ41.5), Ϫ102 to
